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Singlet and Triplet Potential Surfaces for the O 2 + C 2 H 4 Reaction
Abstract
Electronic structure calculations at the CASSCF and UB3LYP levels of theory with the aug-cc-pVDZ basis set
were used to characterize structures, vibrational frequencies, and energies for stationary points on the ground
state triplet and singlet O2+C2H4potential energy surfaces (PESs). Spin-orbit couplings between the PESs
were calculated using state averaged CASSCF wave functions. More accurate energies were obtained for the
CASSCF structures with the MRMP2/aug-cc-pVDZ method. An important and necessary aspect of the
calculations was the need to use different CASSCF active spaces for the different reaction paths on the
investigated PESs. The CASSCF calculations focused on O2+C2H4 addition to form the C2H4O2biradical
on the triplet and singlet surfaces, and isomerization reaction paths ensuing from this biradical. The triplet and
singlet C2H4O2 biradicals are very similar in structure, primarily differing in their C−C−O−O dihedral
angles. The MRMP2 values for the O2+C2H4→C2H4O2 barrier to form the biradical are 33.8 and 6.1 kcal/
mol, respectively, for the triplet and singlet surfaces. On the singlet surface,C2H4O2 isomerizes to dioxetane
and ethane-peroxide with MRMP2 barriers of 7.8 and 21.3 kcal/mol. A more exhaustive search of reaction
paths was made for the singlet surface using the UB3LYP/aug-cc-pVDZ theory. The triplet and singlet surfaces
cross between the structures for the O2+C2H4 addition transition states and the biradical intermediates.
Trapping in the triplet biradical intermediate, following O32+C2H4 addition, is expected to enhance
triplet→singlet intersystem crossing.
Keywords
Hydrogen reactions, Ozone, Surface crossings, Transition state theory, Potential energy surfaces
Disciplines
Chemistry
Comments
The following article appeared in Journal of Chemical Physics 133 (2010): 184206, doi:10.1063/1.3490480.
Rights
Copyright 2010 American Institute of Physics. This article may be downloaded for personal use only. Any
other use requires prior permission of the author and the American Institute of Physics.
Authors
Kyoyeon Park, Aaron C. West, Erica Raheja, Bernhard Sellner, Hans Lischka, Theresa Lynn Windus, and
William L. Hase
This article is available at Iowa State University Digital Repository: http://lib.dr.iastate.edu/chem_pubs/916
Singlet and triplet potential surfaces for the O 2 + C 2 H 4 reaction
Kyoyeon Park, Aaron West, Erica Raheja, Bernhard Sellner, Hans Lischka, Theresa L. Windus, and William L.
Hase 
 
Citation: The Journal of Chemical Physics 133, 184306 (2010); doi: 10.1063/1.3490480 
View online: http://dx.doi.org/10.1063/1.3490480 
View Table of Contents: http://scitation.aip.org/content/aip/journal/jcp/133/18?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Ab initio reaction pathways for photodissociation and isomerization of nitromethane on four singlet potential
energy surfaces with three roaming paths 
J. Chem. Phys. 140, 244310 (2014); 10.1063/1.4883916 
 
Ab initio/Rice-Ramsperger-Kassel-Marcus study of the singlet C 4 H 4 potential energy surface and of the
reactions of C 2 ( X Σ g + 1 ) with C 4 H 4 ( X A 1 g + 1 ) and C ( D 1 ) with C 3 H 4 (allene and methylacetylene) 
J. Chem. Phys. 125, 133113 (2006); 10.1063/1.2227378 
 
Ab initio calculation of the N H ( Σ − 3 ) − N H ( Σ − 3 ) interaction potentials in the quintet, triplet, and singlet
states 
J. Chem. Phys. 123, 184302 (2005); 10.1063/1.2079867 
 
Ab initio calculations of triplet excited states and potential-energy surfaces of vinyl chloride: Insights into
spectroscopy and photodissociation dynamics 
J. Chem. Phys. 122, 194321 (2005); 10.1063/1.1898208 
 
Proton transfer reaction of 4-methyl-2,6-diacetylphenol and an analysis with AM1 potential-energy surfaces 
J. Chem. Phys. 114, 1336 (2001); 10.1063/1.1329641 
 
 
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
129.186.176.217 On: Tue, 22 Dec 2015 22:24:17
Singlet and triplet potential surfaces for the O2+C2H4 reaction
Kyoyeon Park,1 Aaron West,2 Erica Raheja,3 Bernhard Sellner,4 Hans Lischka,4
Theresa L. Windus,2 and William L. Hase1,a
1Department of Chemistry and Biochemistry, Texas Tech University, Lubbock, Texas 79409-1061, USA
2Department of Chemistry, Iowa State University, Ames, Iowa 50011, USA
3Department of Physics and Astronomy, University of South Carolina, Columbia, South Carolina 29208,
USA
4Institute for Theoretical Chemistry, University of Vienna, Waehringerstrasse 17, A-1090 Vienna, Austria
Received 30 June 2010; accepted 30 August 2010; published online 10 November 2010
Electronic structure calculations at the CASSCF and UB3LYP levels of theory with the
aug-cc-pVDZ basis set were used to characterize structures, vibrational frequencies, and energies for
stationary points on the ground state triplet and singlet O2+C2H4 potential energy surfaces PESs.
Spin-orbit couplings between the PESs were calculated using state averaged CASSCF wave
functions. More accurate energies were obtained for the CASSCF structures with the MRMP2/
aug-cc-pVDZ method. An important and necessary aspect of the calculations was the need to use
different CASSCF active spaces for the different reaction paths on the investigated PESs. The
CASSCF calculations focused on O2+C2H4 addition to form the C2H4O2 biradical on the triplet and
singlet surfaces, and isomerization reaction paths ensuing from this biradical. The triplet and singlet
C2H4O2 biradicals are very similar in structure, primarily differing in their C-C-O-O dihedral
angles. The MRMP2 values for the O2+C2H4→C2H4O2 barrier to form the biradical are 33.8 and
6.1 kcal/mol, respectively, for the triplet and singlet surfaces. On the singlet surface, C2H4O2
isomerizes to dioxetane and ethane-peroxide with MRMP2 barriers of 7.8 and 21.3 kcal/mol. A
more exhaustive search of reaction paths was made for the singlet surface using the UB3LYP/
aug-cc-pVDZ theory. The triplet and singlet surfaces cross between the structures for the O2
+C2H4 addition transition states and the biradical intermediates. Trapping in the triplet biradical
intermediate, following 3O2+C2H4 addition, is expected to enhance triplet→singlet intersystem
crossing. © 2010 American Institute of Physics. doi:10.1063/1.3490480
I. INTRODUCTION
There is considerable interest in the dynamics and kinet-
ics of reactions of molecular oxygen with hydrocarbons.1,2
This knowledge is important for modeling both combustion3
and atmospheric4 chemistry. In combustion, ground state 3O2
molecules react with RH alkane molecules, via a high energy
transition state, to produce HO2 and R radicals.5 Triplet oxy-
gen molecules react with alkenes and alkynes, via double-
bond addition reactions,1 with much lower potential energy
barriers to produce biradicals such as
3O2 + C2H4→ • CH2CH2OO • . 1
These reactions may access much lower energy singlet reac-
tion products via triplet→singlet intersystem crossings. The
thermal chemical kinetics and dynamics of 3O2 reactions
with hydrocarbon fuels are important6 to understand possible
degradation of stored fuels. Unsaturated hydrocarbons are
constituents in these fuels and expected to undergo reaction
with 3O2 via low energy potential energy barriers. To model
the long-term stability of these fuels, it is important to know
rate constants for their reactions with 3O2 and the products
formed.
Electronic structure calculations provide an important
means to study potential energy surfaces for triplet and sin-
glet oxygen reacting with unsaturated hydrocarbons.1,7–10
These calculations also provide the coupling strength and
geometries for transitions between the triplet and singlet po-
tential energy surfaces. In previous work, several calcula-
tions have been reported7–10 for the reaction of electronically
excited singlet O21 with C2H4. Apparently, only one
study has been reported for the reaction of ground state trip-
let O2 with C2H4.1
For the work presented here, extensive ab initio calcula-
tions were performed at the UB3LYP, CASSCF, and
MRMP2 levels of theory to characterize the potential energy
surfaces for the reactions of singlet O21 and ground state
triplet O2 with C2H4. Of particular interest is a comparison
of the predictions of these different theoretical methods and
those for the methods used in previous studies.1,7–10 The trip-
let potential energy surface PES was studied previously
using a single-reference wave function,1 but because of the
biradical character of the intermediate and transition states
for this surface a multireference method may be required to
obtain a PES with more accurate energies. Structures, vibra-
tional frequencies, and energies were calculated for station-
ary points on the triplet and singlet potential energy surfaces,
as well as the “seam” connecting the triplet and singlet PESs.
This information is expected to be helpful in analyzing theaElectronic mail: bill.hase@ttu.edu.
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O2+C2H4 reaction kinetics, and for developing
semiempirical11 specific reaction parameter12 potential en-
ergy surfaces to simulate the triplet and singlet O2+C2H4
reaction dynamics and transitions between the triplet and sin-
glet surfaces.
II. COMPUTATIONAL METHODS
Electronic structure theoretical methods were used to in-
vestigate the ground triplet state and first excited singlet state
PESs for the O2+C2H4 reaction. The recent ab initio study
by Hua et al.,1 using the QCISDT /6-311+
+G3df,2p MP2full /6-311Gd,p level of theory, illus-
trated the complex landscape for the ground state 3O2
+C2H4 PES. The notation for each of the compounds in this
work is consistent with that of Hua’s work. In comparison to
this triplet PES, much less is known regarding the singlet
PES. UB3LYP Refs. 13–15 calculations with the aug-cc-
pVDZ Ref. 16 basis set were performed to locate stationary
point structures for both PESs. These structures were then
reoptimized using the complete active space self-consistent
field CASSCF17–19 method with the aug-cc-pVDZ basis set.
The number of valence electrons for O2+C2H4 is 24 and
large, which makes it impossible to include all the valence
electrons in the active space. Also, because of the electronic
complexity of the O2+C2H4 reactive system, it is difficult to
choose an appropriate smaller active space for all regions of
either the triplet or singlet PES. The approach used here was
to divide each PES into individual reaction paths with active
spaces of different sizes and characteristics. The focus was to
select correct and consistent active spaces to accurately de-
scribe characteristics of the reaction pathways. The final
CASSCF optimized wave functions were examined, based
on configuration interaction CI coefficients for natural or-
bitals, to determine whether or not the desired active space
was attained. Intrinsic reaction coordinate IRC calcula-
tions, using the same level of theory, were performed to en-
sure the smooth connection between the stationary points for
a given active space. The default method used is the
Gonzalez–Schlegel second-order method20 with a step size
of 0.3 bohr amu1/2. On occasion, however, the step size
needed to be reduced to 0.1 bohr amu1/2 to obtain an IRC
that was smooth and that maintained the CAS during the
entire IRC. Hessians were calculated to ensure the optimized
stationary points are the first-order minima or maxima on the
given PESs. After locating the stationary points, second-
order multireference Møller–Plesset perturbation theory
MRMP221,22 calculations were performed at these points to
recover dynamic correlation and obtain more accurate ener-
gies. The above UB3LYP, CASSCF, and MRMP2 calcula-
tions were performed with the GAMESS Ref. 23 computer
program.
III. GROUND STATE TRIPLET POTENTIAL ENERGY
SURFACE
Structures, vibrational frequencies, and energies were
calculated for multiple stationary points, including transition
states TSs, and reaction paths for the ground state 3O2
+C2H4 PES. The stationary points and reaction paths are
identified the same way as done by Hua et al.1
A. Structures and vibrational frequencies
CASSCF structures of intermediates and transition states
were obtained for six reaction paths on the 3O2+C2H4 PES,
and are shown in Fig. 1. Two of the reaction paths considered
are the abstraction and double-bond addition pathways of the
3O2 molecule, i.e.,
3O2 + C2H4→
TS1
C2H3 + HO2
→
TS2
C2H4OOIM1 .
The remaining reaction paths studied are further rearrange-
ments and dissociations of the C2H4O2 biradical IM1, i.e.,
C2H4OOIM1→
TS3
O + C2H4O
→
TS4
H + C2H3O2
C2H4OOIM1→
TS6
CH2 - CH - O - O - HIM2
→
TS9
H3C - CH - O - OIM3 .
The isomerizations of IM1 to form IM2 H2C-CH-O-O-H
and IM3 H3C-CH-O-O involve H-atom transfers. Carte-
sian coordinates for the stationary points are listed in the
supporting information.24
As described in Sec. II, because of the 3O2+C2H4 reac-
tive system’s electronic complexity, a different CASSCF ac-
tive space was used for each of the above six reaction paths.
Several different active spaces were examined to find the
correct description of each reaction path. The sizes of the
active spaces for the reaction paths and a description of the
orbitals in the active spaces are given in Table I. Among the
reaction paths on the triplet PES, only the oxygen addition
path via TS2 has lone pairs on the O-atoms in the active
space, which correspond to the two OO bonds for molecu-
lar oxygen at the beginning of the path. Including these lone
pairs introduces two additional orbitals inside the active
space, which can be paired with two lone pairs. The resulting
final optimized CASSCF orbitals include two
in-out-correlation25 IOC molecular orbitals. The IOC is
also called an out-of-phase10 contribution of molecular orbit-
als in different literatures. While it should theoretically be
possible to keep these IOC orbitals out of the CAS, they
continue to flip into the CAS. Therefore, a larger CAS that
includes all of the chemically required orbitals and the IOC
orbitals is required.
For molecular oxygen, either a 6,4 or 8,6 active space
can correctly describe its properties. In this case, the two
OO and two OO orbitals retain their character as pairs.
However, this character gets lost during the oxygen addition
reaction. The IRC calculation with either the 6,4 or 8,6
active space showed orbital root changing near the IM1 bi-
radical product and produced an unreasonable CASSCF so-
184306-2 Park et al. J. Chem. Phys. 133, 184306 2010
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lution. Including two additional orbitals, as described above,
solved this problem. An alternative choice might be a 2,2
or 4,4 active space, i.e., including two singly occupied
OO orbitals for 2,2 or these orbitals with a OO and
OO for 4,4. These choices for the active space give a
consistent CAS during the IRC. However, when O2 and
C2H4 separate, the energy of the singlet surface becomes
lower than that of the triplet. This unrealistic behavior gives
an artificial singlet-triplet surface crossing near the dissocia-
tion limit of the OO bond after the IM1 intermediate for-
mation. The only active space which gives a correct descrip-
tion for both O2+C2H4 and the IM1 intermediate is one
including lone pairs on the O-atoms or two OO orbitals
with additional pairs of these orbitals. The resulting CAS has
IOC, but it was necessary to accurately describe the O2 ad-
dition reaction path.
In Table II, the CASSCF and UB3LYP geometries cal-
culated for TS1, TS2, and IM1 with the aug-cc-pVDZ basis
set are compared with those calculated previously1 using
MP2 with the 6-311Gd,p basis set. Comparison of the
CASSCF and MP2 geometries shows that the bond distances
and angles vary by as much as 0.04 Å and 5°. The UB3LYP
and CASSCF geometries are similar for IM1. However, for
TS2 the difference in their bond distances is as large as
0.09 Å. TS1, for the abstraction pathway, is not present in the
UB3LYP calculations. Thus, HO2+C2H3 association to form
3O2+C2H4 is “downhill” without a saddle point. For the
CASSCF and MRMP2 calculations, there is a weakly bound
complex structure in Fig. 1 between TS1 and the C2H3
+HO2 products giving rise to the saddle point, TS1. The
MRMP2 potential energy curve for the 3O2+C2H4 abstrac-
tion path is illustrated in Fig. 2. The absence of the weakly
bound complex WBC and, thus TS1 for the UB3LYP cal-
culation, may be a result of this theory’s inability to accu-
rately represent dispersion forces leading to WBC.26 The
lower MRMP2 energy for TS2 as compare to the IM1 energy
is discussed in the next section.
The CASSCF vibrational frequencies for TS1, TS2, and
IM1 are listed in Table III. These are apparently the first
reported values for these frequencies. The CASSCF vibra-
tional frequencies for the other stationary points investigated
i.e., C2H3, HO2, TS3, C2H4O, TS4, C2H3O2, TS6, IM2,
TS9, and IM3 are listed in the supporting information.24
B. Reaction energies
The MRMP2 energetics for the reaction paths are de-
picted in Fig. 2. A comparison of relative energies for the
above 3O2+C2H4 reaction paths calculated at the UB3LYP,
CASSCF, and MRMP2 levels of theory with the aug-cc-
pVDZ basis set and at the MP2 and QCISDT levels of
theory with the 6-311Gd,p and 6-311++G3df,2p basis
sets by Hua et al.1 are given in Table IV. The total CASSCF
FIG. 1. CASSCF/aug-cc-pVDZ optimized geometries of intermediates and transition states for the 3O2+C2H4 reaction. Bond distances and bond angles are
in units of angstroms and degrees, respectively. The labeling of the stationary points follows that in Ref. 1. The active space used in the CASSCF calculations
for each stationary point is the largest active space described in Table I: a for C2H4+O2, both 16,14 and 12,12 were used. The values in parentheses are
for the 12,12 active space; b for C2H3+HO2, the values in parentheses are geometrical parameters for the WBC after H abstraction reaction.
184306-3 Singlet and triplet PESs for O2+C2H4 J. Chem. Phys. 133, 184306 2010
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and MRMP2 electronic energies for each of the stationary-
points are listed in the supporting information.24 Table IV
shows that the differences between the QCISDT energies
with BS2, i.e., 6-311++G3df,2p, and the MRMP2 ener-
gies range between 1.8 and 11.9 kcal/mol. The largest energy
difference is for TS3. This difference in QCISDT/BS2 and
MRMP2 energies for TS3 is a result of its high multiconfigu-
rational i.e., multireference character. The natural orbital
occupation numbers of the CASSCF optimized orbitals show
high multiconfigurational character27 for the OO, OO, O
2p, and C 2p orbitals, which represent the biradical character
of TS3. It is well known19 that methods based on a single
determinant, including QCISDT, often miss important
static correlations for the electronic energy.
The CASSCF energy decreases by 6.1 kcal/mol in going
from TS2 to IM1. However, when calculating MRMP2 en-
ergies at the CASSCF optimized geometries, the MRMP2
energy for IM1 is 1.4 kcal/mol higher than that for TS2. This
apparently results from different MRMP2 and CASSCF ge-
ometries for TS2. Calculating MRMP2 energies, along the
CASSCF IRC connecting 3O2+C2H4 with IM1, yields a bar-
rier at a C- - -O2 distance of 1.687 Å in contrast to 1.784 for
this distance at the CASSCF barrier. The value of the result-
ing MRMP2 barrier is 36.4 kcal/mol, which is 1.2 kcal/mol
higher than the MRMP2 energy for IM1.
Effects of the size of the active space on the CASSCF
and MRMP2 barrier heights are given in Table V for the
different reaction paths. The barriers vary by 2 kcal /mol
as the size of the active space is changed. The dependencies
of MRMP2 barrier heights on the size of active spaces are
different for each pathway. For the paths proceeding via TS3,
TS4, and TS9, the 6,6 active space gives nearly same bar-
rier heights as larger active spaces. For the TS4 path, the
energies for the 6,6 and 12,12 active spaces are quite
TABLE I. Description of the CAS used for each reaction pathway.
Related TS Active space Description
Triplet
H abstraction TS1 16,14a 4 CH, CC, 2 OO biradical in 2 OO
→3 CH, CC, OH, OO, biradical C sp, O2p
O2 addition TS2 12,12b CC, CC, OO, 2 OO, biradical 2 OO
→CC, CO, OO, 2 lone O 2p, biradical C2p, O2p
O dissociation TS3 6,6 OO, CO, biradical C 2p, O 2p
→2 CO, biradical 2 O 2p on O-atom
8,8 CC, OO, CO, biradical C 2p, O 2p
→CC, 2 CO, biradical 2 O 2p on O-atom
H dissociation TS4 6,6 2 CH, biradical C 2p, O2 p
→CH, CC, biradical O 2p, H 1s
8,8 2 CH, CC, biradical C 2p, O 2p
→CH, CC, CC, biradical O 2p, H 1s
10,10 2 CH, CC, CO, biradical C 2p, O 2p
→CH, CC, CO, CC, biradical O2p, H 1s
12,12 2 CH, CC, CO, OO, biradical C 2p, O 2p
→CH, CC, CO, OO, CC, biradical O 2p, H 1s
H migration TS6 10,10 2 CH, CC, CO, biradical C 2p, O 2p
→CH, OH, CC, CO, biradical C sp, C 2p
H migration TS9 6,6 2 CH, biradical C 2p, O 2p
→2 CH, biradical C sp, O 2p
8,8 2 CH, CC, biradical C 2p, O 2p
→2 CH, CC, biradical C sp, O 2p
10,10 2 CH, CC, CO, biradical C 2p, O 2p
→2 CH, CC, CO, biradical C sp, O 2p
Singlet
O2 addition TSa 12,12b CC, CC, OO, 2 OO, biradical 2 OO
→CC, CO, OO, 2 lone O 2p, biradical C 2p, O 2p
Ring closure TSb 8,8 CC, CO, OO, biradical C 2p, O 2p
→CC, 2 CO, OO
12,12b CC, CO, OO, 2 lone O 2p, biradical C 2p, O 2p
→2 CO, CC, OO, 2 lone O 2p
H migration TSc 10,10 CH, CC, CO, OO, biradical C 2p, O 2p
→OH, CC, CC, OO, CO
14,14 CH, CC, CO, OO, 2 lone O 2p, biradical C 2p, O 2p
→OH, CC, CC, OO, CO, 2 lone O 2p
aTwo sets of OO and OO orbitals are treated as pairs. The active space for the oxygen molecule part of the system is 6,4.
bThe OO and OO orbitals form different sets of pairs. Two of the OO are considered as a pair, and two more virtual orbitals were added to make a pair
with the remaining OO or lone O 2p. This CAS has IOCs.
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similar. For the TS1, TS2, and TS6 paths, active spaces sub-
stantially larger than 6,6 are required. For the H-atom dis-
sociation and migration paths, involving TS4 and TS9, there
is a slight increase in the barrier height with increasing size
of the active space. On the other hand, for the O-atom dis-
sociation path, involving TS3, there is a slight decrease in the
barrier height with increasing size of the active space.
IV. EXCITED STATE O2„1… POTENTIAL ENERGY
SURFACE
Previous studies have investigated possible pathways for
the O21+C2H4 addition reaction and stationary points on
its singlet PES.7–10 The earliest calculations were performed
at the CNDO/2-CI, MINDO/3, and GVB-CI levels of
TABLE II. Comparison of UMP2, UB3LYP, and CASSCF Stationary point structures for 3O2+C2H4 paths 1
and 2. The aug-cc-pVDZ basis set was used for the CASSCF and UB3LYP calculations and the 6-311Gd,p
basis set for the UMP2 calculations.
Coordinatea CASSCFb UB3LYPc UMP2d
TS1
C-C 1.324 1.283
C---H 1.533 1.526
H---O 1.103 1.065
O-O 1.261 1.280
C-C- - -H 113.7 108.5
C- - -H- - -O 174.4 169.9
H- - -O- - -O 107.6 106.7
TS2
C-C 1.445 1.433 1.395
C- - -O 1.784 1.674 1.779
O-O 1.295 1.282 1.231
C-C- - -O 107.6 108.9 109.3
C- - -O-O 109.0 110.8 –e
C-C- - -O-O 180.0 180.0 180.0
IM1
C-C 1.507 1.470 1.479
C-O 1.506 1.525 1.476
O-O 1.342 1.308 1.291
C-C-O 107.4 108.6 –e
C-O-O 109.3 111.0 110.7
C-C-O-O 180.0 180.0 180.0
aTwo atoms identify a stretch in units of angstroms, and three atoms identify a bend and four atoms identify a
dihedral in degrees.
bThe active space for the CASSCF calculations for TS1 is 16,14, and for TS2 and IM1 it is 12,12 see
Table I for details.
cTS1 could not be located at the UB3LYP/aug-cc-pVDZ level of theory.
dReference 1.
eThe value for the angle was not reported.
FIG. 2. Depiction of the MRMP2/aug-cc-pVDZ energies kcal/mol for the 3O2+C2H4 reaction paths. The single point MRMP2 calculations were performed
at the optimized CASSCF geometries. For the CASSCF and MRMP2 calculations the largest active spaces described in Table I were used.
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theory.7 In later studies, Tonachini et al.8 used
CASSCF4,4 /4-31G theory, Yoshioka et al.9 used unre-
stricted natural orbital UNO CASSCF2,2 /6-31G and
UMP2 /6-31G theories, and Maranzana et al.10 used
CASSCF10,8 /6-31G and CAS-PT2 levels of theory. The
specific PES properties investigated in these studies were 1
the singlet biradical resulting from the 1O2+C2H4 addition
reaction, 2 dioxetane and pathways for its formation, and
3 the possible role of peroxirane perepoxide in dioxetane
formation. In the work presented here a more extensive study
is performed for reaction pathways and stationary points on
the O21+C2H4 PES. The calculations were performed at
the UB3LYP, CASSCF, and MRMP2 levels of theory with
the aug-cc-pVDZ basis set. In the following 1O2 is used to
represent O21.
TABLE III. CASSCF vibrational frequencies for 3O2+C2H4 paths 1 and 2. The frequencies are in cm−1. The
basis set used for the calculations is aug-cc-pVDZ and the active spaces for TS1, TS2, and IM1 are 16,14,
12,12, and 12,12, respectively.
TS1 TS2 IM1
Mode Frequency Mode Frequency Mode Frequency
rc translation 2834 i rc translation 1083 i CCOO torsion 94
CHO twist 64 CCOO torsion 55 CCO scis 316
CHO scis 96 CCO scis 267 COO scis 494
CHO wag 276 COO scis 427 CH2 twist 441, 1397
HOO scis 315, 1600 CH2 twist 419, 1053 CH2 wag 621
CHO sym str 485 CH2 wag 738, 1221 CH2 rock 838, 1230
CH2 twist 771 CH2 rock 822, 1296 CH2 scis 1570, 1596
CH2 wag 797, 909 CH2 scis 1158, 1607 CO str 889
CH2 rock 842 CC str+OO str 1037, 1191 CC str+OO str 1067, 1162
CH2 scis 1387 CH str 3298, 3303 CH str 3235, 3328
HCC scis 1187 3389, 3416 3411, 3497
OO str 1415
CC str 1668
CH str 2994, 3092, 3127
TABLE IV. Comparison of UB3LYP, UMP2, QCISDT, CASSCF, and MRMP2 relative energies for 3O2
+C2H4 reaction paths energies are in kcal/mol.
Reaction path UB3LYPa UMP2/BS1b QCI/BS1b UMP2/BS2b QCI/BS2b CASSCFa,c MRMP2a,d
3O2+C2H4 0.0 0.0 0.0 0.0 0.0 0.0 0.0
TS1 ¯ 74.6 60.1 71.4 56.9 68.8 62.1
C2H3-HO2 ¯ 74.8 62.5 71.8 59.5 51.6 60.2
C2H3+HO2 61.6 79.1 66.2 76.0 63.1 53.6 70.5
3O2+C2H4 0.0 0.0 0.0 0.0 0.0 0.0 0.0
TS2 30.8 54.9 39.9 50.5 35.5 47.0 33.8 36.4e
IM1 30.1 45.0 37.2 40.6 32.9 40.9 35.2
IM1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
TS3 31.6 45.9 31.8 47.1 32.9 16.1 21.0
O+C2H4O 8.37 10.0 4.7 6.2 1.1 29.2 7.1
IM1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
TS4 40.8 41.4 38.3 40.3 37.1 39.3 39.8
H+C2H3OO 39.0 30.5 33.0 29.9 32.4 29.4 39.0
IM1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
TS6 48.2 48.6 48.9 47.1 47.4 58.9 47.1
IM2 ¯ 8.9 13.4 7.0 11.4 19.1 19.2
IM1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
TS9 45.8 45.7 45.6 44.6 44.4 53.5 47.4
IM3 0.6 0.0 0.8 0.8 1.4 3.9 3.8
aThe aug-cc-pVDZ basis set was used for the UB3LYP, CASSCF, and MRMP2 calculations.
bResult from Ref. 1. BS1 and BS2 are the 6-311Gd,p and 6-311++G3df,2p basis sets, respectively. QCI
represents QCISDT.
cDifferent CASSCF active spaces were used for each reaction path. The active space for each reaction path is
the largest active space described in Table I.
dThe active spaces used for the CASSCF calculations were also used for the single point MRMP2 energy
calculations, which were calculated at the CASSCF optimized geometries.
eMRMP2 barrier along the CASSCF IRC connecting the 3O2+C2H4 and IM1 stationary points.
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A. Pathways for dioxetane and ethene-peroxide
formation
1. Previous studies of reaction paths and structures
Previous studies7–10 of the 1O2+C2H4 system mainly fo-
cused on possible mechanisms for dioxetane formation from
1O2+C2H4. Both a biradical and perepoxide were suggested
as the intermediate for the initial oxygen addition step. Tona-
chini et al.8 used the CASSCF4,4/4-31G level of theory to
locate the transition state for the oxygen addition reaction.
The optimized higher-order saddle point, in Cs symmetry, for
the reaction of 1O2+C2H4→perepoxide had two imaginary
frequencies, i.e., one with a motion corresponding to two
C-O bond formations and the other motion distortion of two
C-C-Oangles leading to a lower C1 symmetry structure,
such as the biradical transition state Fig. 3. For biradical
formation by direct attack of 1O2 to ethylene, two transition
states were optimized each with one imaginary frequency.
One transition state has Cs symmetry, with a 180° C-C-O-O
dihedral angle, which connects to a biradical minimum with
Cs symmetry. The other transition state has C1 symmetry,
with a gauche type structure, which leads to a C1 gauche
type biradical minimum. Yoshioka et al.9 also characterized
Cs and C1 biradicals using the UNO CASSCF2,2 /6-31G
level of theory. From this study, the C1 gauche biradical was
determined as a minimum energy structure with respect to
conformation changes of the biradical, which is consistent
with our calculations.
Later work by Maranzana et al.,10 using
CASSCF10,8 /6-31G theory, showed that the biradical is
the kinetically stable intermediate after oxygen addition re-
action and perepoxide is formed from the biradical interme-
diate, and not from 1O2+C2H4. They also characterized a
transition state for ring closure of the biradical to form diox-
etane using the same level of theory. After locating the sta-
tionary points, they used the larger active space, 10,10, for
the single point calculations with CASSCF and CAS-PT2
theories to obtain better energetics.
UB3LYP calculations, performed for the work presented
here, give the same reaction paths and structures as found by
Maranzana et al.10 Using UHF theory, a TS with only one
imaginary frequency, could be found connecting 1O2+C2H4
and perepoxide. However, with UB3LYP, TS disappeared
and perepoxide was connected to the biradical via a different
TS. Thus, these calculations and those reviewed above sup-
port the biradical intermediate as the species formed by
1O2+C2H4 addition.
2. Structures and vibrational frequencies
CASSCF/aug-cc-pVDZ structures of the intermediate
and transition states for dioxetane and ethene-peroxide for-
mations are shown in Fig. 3. Singlet O2 adds to C2H4 to form
the biradical intermediate IM1-s, i.e.,
1O2 + C2H4→
TSa
H2C - CH2 - O - OIM1-s .
This intermediate can isomerize to either dioxetane, i.e.,
IM1-s→
TSb
dioxetaneDO ,
or vinyl hydrogen peroxide which, as shown later, is an in-
termediate IM2-s on the PES, i.e.,
IM1-s→
TSc
H2C = CH - O - O - HIM2-s .
The formation of dioxetane involves a ring closure, while
ethene-peroxide formation involves a H-atom transfer.
CASSCF and UB3LYP Cartesian coordinates for stationary
points on the singlet surface are listed in the supporting
information.24
TABLE V. Relationship between barrier heights and active spaces for the
triplet PES barrier heights are in kcal/mol.
Reaction path TS Active space CASSCF MRMP2a
H abstraction TS1 16,14 68.8 62.1
O2 addition TS2 12,12 47.0 33.8
O dissociation TS3 6,6 17.9 21.8
8,8 16.1 21.0
H dissociation TS4 6,6 40.2 37.7
8,8 37.8 38.4
10,10 38.9 39.8
12,12 39.3 39.8
H migration TS6 10,10 58.9 47.1
H migration TS9 6,6 55.2 45.4
8,8 52.5 46.0
10,10 53.5 47.4
aSingle point energies calculated at the CASSCF optimized geometries.
FIG. 3. CASSCF/aug-cc-pVDZ structures of the intermediate and transition
states for dioxetane and ethene-peroxide formations on the O21+C2H4
PES. Bond distances and bond angles are in unites of angstroms and de-
grees, respectively. The active space used, in the CASSCF calculations for
each stationary point, is the largest active space described in Table I.
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As described in Sec. II, because of the 1O2+C2H4 reac-
tive system’s electronic complexity, different CASSCF ac-
tive spaces were used for the above reaction paths. The sizes
of the active spaces for the reaction paths, and a description
of their orbitals, are given in Table I. For the same reason as
described above for the O2 addition path on the triplet PES to
form IM1, the 12,12 active space is required to describe the
O2 molecule and the product biradical IM1-s on the singlet
PES. As for the triplet PES, the 12,12 active space results
in IOC for the final optimized singlet orbitals. To compare
effects of the presence of IOC in the CAS, two different CAS
sizes were investigated for both path b, ring closure of the
biradical IM1-s, and path c, hydrogen migration for this bi-
radical. For path b, the 8,8 CAS does not include IOC and
the 12,12 CAS is the same as 8,8, but with two O2 lone
pair orbitals and corresponding IOC molecular orbitals.
Similarly for path c, the 10,10 CAS does not include IOC
molecular orbitals, but the 14,14 CAS does. As discussed
below, in comparison to the 1O2 addition pathway, including
OO or lone pairs in the CAS, with resulting IOC, does not
have a significant effect on the characteristics of paths b and
c. The geometries shown in Fig. 3 are for the largest active
spaces described in Table I.
The CASSCF/aug-cc-pVDZ and UB3LYP/aug-cc-pVDZ
geometries for TSa, IM1-s, TSb, DO, TSc, and IM2-s are
compared in Table VI with those calculated previously9 us-
ing UNO CASSCF /6-31G theory. Overall, the CASSCF,
UB3LYP, and UNO CASSCF geometries are in good agree-
ment. For the potential minima of IM1-s, dioxetane, and
IM2-s, the largest differences between CASSCF and
UB3LYP bond lengths and angles are 0.080 Å for the C-C
bond of dioxetane and 20.8° for the O-O-C-C dihedral of
IM2-s. The differences between the CASSCF geometries and
those given by UB3LYP are greater for the TSs. In compar-
ing CASSCF and UB3LYP TS structures, the largest bond
length and angle differences are 0.149 Å for the O- - -C
bond of TSb and 10.4° for the O- - -C-C angle of TSa.
The CASSCF vibrational frequencies for the stationary
points on the singlet PES are listed in Table VII. The major
components of the imaginary frequencies are C- - -O stretch
for TSa, C- - -O stretch for the ring closure motion for TSb,
and antisymmetric stretch for C- - -H and O- - -H combined
with C-O-O bending motion for TSc. The major component
of the lowest frequency motion for IM1-s is the C-C-O-O
torsion. A comparison between the UB3LYP and CASSCF
vibrational frequencies, for these stationary points, is given
in the supporting information.24
3. Reaction energies
MRMP2 single point energies were calculated at the
CASSCF geometries for the above stationary points, and the
resulting energies and potential energy diagram are given in
Fig. 4. The MRMP2 energies are compared with those given
by the UB3LYP/aug-cc-pVDZ and CASSCF/aug-cc-pVDZ
theories in Table VIII. CASSCF, MRMP2, and UB3LYP
electronic energies for the stationary points are listed in the
supporting information.24 For the paths proceeding via TSb
and TSc, the UB3LYP, CASSCF, and MRMP2 energies are
in overall good agreement, particularly between UB3LYP
TABLE VI. Comparison of UB3LYP, CASSCF, and UNO CASSCF2,2
stationary point structures for O21+C2H4 paths a, b, and c. The aug-cc-
pVDZ basis set was used for the UB3LYP and CASSCF calculations and the
6-31G basis set for the UNO CASSCF2,2 calculations.
Coordinatea UB3LYP CASSCFb UNO CASSCFc
TSa
C-C 1.414 1.419
C- - -O 1.768 1.862
O-O 1.271 1.287
C-C- - -O 107.0 96.6
C---O-O 112.9 112.8
C-C---O-O 97.4 102.7
IM1-s
C-C 1.475 1.506 1.491
C-O 1.495 1.498 1.432
O-O 1.314 1.337 1.301
C-C-O 108.2 106.5 111.4
C-O-O 112.1 111.0 111.6
C-C-O-O 95.6 101.9 87.1
TSb
C-C 1.502 1.530
C---Od 2.206 2.355
O-O 1.379 1.391
C-C-O 101.6 102.9
C-O-O 100.3 100.0
C-C-O-O 38.6 47.8
Dioxetane
C-C 1.457 1.537
C-O 1.459 1.473
O-O 1.489 1.521
C-C-O-O 12.8 12.2
TSc
C-C 1.415 1.457
O-O 1.452 1.483
C- - -He 1.210 1.197
O- - -He 1.609 1.667
C-C-O 118.4 116.4
C-O-O 94.0 92.7
IM2-s ethene-peroxide
C-C 1.335 1.355
C-O 1.373 1.476
O-O 1.461 1.402
O-H 0.971 0.975
C-C-O 120.4 120.0
C-O-O 107.6 106.5
C-C-O-O 151.6 143.9
H-C-C-O 4.8 4.9
C-O-O-H 130.3 100.9
aTwo atoms identify a stretch in units of angstroms, and three atoms identify
a bend and four atoms identify a dihedral in degrees.
bThe active space of the CASSCF calculations for TSa, IM1-s, TSb, and DO
is 12,12 and for TSc and IM2-s is 14,14—see Table I for details.
cResults from Ref. 9.
dDistance between the atoms with an unpaired electrons.
eDistance between the C- or O-atom with an unpaired electrons and the
H-atom being “abstracted.”
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and MRMP2. The MRMP2 energies are substantially lower
than those given by UB3LYP and CASSCF for the 1O2 ad-
dition path to from IM1-s. This arises in part from the diffi-
culty of those latter theories to correctly describe the elec-
tronic structure of 1O2. However, the low MRMP2 barrier for
this reaction appears to also arise from different MRMP2 and
CASSCF structures for TSa. Calculating MRMP2 energies,
along the CASSCF IRC connecting 1O2+C2H4 with IM1-s,
yields a barrier at a C- - -O2 distance of 1.997 Å and longer
than the value of 1.862 at the CASSCF barrier. The value of
the resulting MRMP2 barrier is 10.2 kcal/mol.
Effects of the size of the active space on the CASSCF
and MRMP2 reaction energetics are given in Table IX. As
discussed above, the 12,12 active space is required for the
O2 addition reaction path. For the ring closure path the 8,8
and 12,12 active spaces give quite similar MRMP2 ener-
gies. However, for the H migration path, the energies vary by
6 kcal /mol between the 10,10 and 14,14 active spaces.
The CASSCF energies of Maranzana et al.10 are in rather
good agreement with our results except the relative energy of
dioxetane with respect to 1O2+C2H4 is 13.5 kcal/mol higher
in their calculations. This difference might result from the
different basis sets used for the two calculations. It is also
possible that diffuse functions, which are included in the
aug-cc-pVDZ basis set, may play an important role in this
particular region of the PES. On the other hand, our MRMP2
and their CASPT2 relative energies for dioxetane are similar.
Their barrier height for the ring closure path is 8.1 kcal/mol
and very similar to our MRMP2 value of 8.0 kcal/mol. There
is a substantial difference between the respective CASPT2
and MRMP2 barrier heights of 17.5 and 6.1 kcal/mol for the
TABLE VII. CASSCF vibrational frequencies for the singlet PES. The frequencies are in cm−1. The basis set
used for the calculations is aug-cc-pVDZ. The active space used, in the CASSCF calculations for each station-
ary point, is the largest active space described in Table I.
TSa IM1-s TSb DO TSc IM2-s
1147 i 117 641 i 252 1056 i 156
164 227 226 747 191 292
269 341 409 788 409 380
343 504 617 868 447 479
535 614 739 918 622 721
795 796 849 993 700 803
837 876 898 1022 796 946
968 1079 969 1171 908 947
1041 1114 1015 1234 955 1006
1183 1227 1196 1287 1147 1217
1226 1330 1285 1371 1217 1332
1293 1410 1431 1415 1394 1396
1561 1559 1552 1602 1416 1550
1613 1585 1600 1652 1562 1697
3303 3253 3210 3175 2164 3238
3310 3302 3272 3199 3276 3331
3398 3329 3284 3267 3302 3386
3422 3417 3401 3352 3419 3700
FIG. 4. MRMP2/aug-cc-pVDZ single-point energies kcal/mol for the sin-
glet PES. The energies for the 1O2+C2H4→ IM1-s, IM1-s→DO, and
IM1-s→ IM2-s reaction paths were calculated with CASs of 12,12,
12,12, and 14,14, respectively.
TABLE VIII. Comparison of UB3LYP, CASSCF, MRMP2, and GVB-PP
relative energies for 1O2+C2H4. Energies are in kcal/mol. The aug-cc-
pVDZ basis set was used for the UB3LYP, CASSCF, and MRMP2 calcula-
tions. The active spaces used for the CASSCF and MRMP2 calculations are
those described in Table I.
Reaction path UB3LYP CASSCF MRMP2a
O2+C2H4 0.0 0.0 0.0
TSa 20.6 28.8 6.1 10.2b
IM1-s 17.4 17.9 0.3
IM1-s 0.0 0.0 0.0
TSb 10.5 7.2 8.0
DO 36.0 45.8 36.5
IM1-s 0.0 0.0 0.0
TSc 25.0 25.4 21.6
IM2-s 47.2 57.0 46.4
aSingle point energies calculated at the CASSCF optimized geometries.
bMRMP2 barrier along the CASSCF IRC connecting the 1O2+C2H4 and
IM1-s stationary points.
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1O2+C2H4→ IM1-s reaction. This difference may result
from the sensitivity of the calculation to the active space for
the oxygen addition path as discussed above.
B. Additional pathways on the UB3LYP PES
An extensive search of stationary points for the singlet
PES was made at the UB3LYP/aug-cc-pVDZ level of theory
and the results are shown in Figs. 5 and 6, with the structures
of transition states and intermediates given in Fig. 5. Singlet
oxygen and ethylene may react via a high energy TS, TSg, to
form HOOH and H-C---C-H. The intermediate IM2-s is a
gateway to multiple intermediates and transition states lead-
ing to the products CH3CHO+O1D, CH3CHO+O3P, and
•CH2CHO+ •OH. Transition states leading to these dissocia-
tion products and two H2CO molecules were not identified.
V. TRIPLET/SINGLET SURFACE CROSSING
A. Surface crossing of the lowest lying triplet and
singlet states
The 3O2→ 1O2 energy difference between their classical
potential minima is 19.4 kcal/mol and its adiabatic 0-0 exci-
tation energy is 19.3 kcal/mol, using CASSCF8,8/aug-cc-
pVDZ. The experimental adiabatic 0-0 transition energy is
22.5 kcal/mol.28 The optimized O-O bond length in the sin-
glet state is 1.230 Å, which is slightly larger than the triplet
minimum.
The energy difference between the lowest lying triplet
and singlet states becomes smaller as the oxygen molecule
approaches ethylene. At the structure of the oxygen addition
on the triplet PES, i.e., TS2, the triplet energy is 6.1 kcal/mol
lower than singlet state. At the oxygen addition transition
state on the singlet surface, i.e., TSa, the singlet energy is
4.9 kcal/mol lower than the triplet energy. This energy dif-
ference becomes even smaller near the biradical intermedi-
ates. At IM1, the triplet biradical minimum, the triplet is
1.4 kcal/mol lower in energy. At IM1-s, the singlet biradical
minimum, the singlet is 1.4 kcal/mol lower in energy than
the triplet. The major difference in structures of the triplet
and singlet biradical minima is for the C-C-O-O dihedral
angle 180.0° for the triplet and 101.9° for the singlet. This
indicates that the triplet and singlet surface crossing is pos-
sible near these transition states and biradical minima.
Minimum energy crossing point MXS optimization
was performed with CASSCF12,12/aug-cc-pVDZ, without
any geometry constraint, using a Lagrange multiplier to im-
pose a constraint of equal energy upon the two states.29 The
optimized structure of the MXS is shown in Fig. 7. The
geometrical parameters of MXS are similar to those of IM1
and IM1-s, except for the C-C-O-O and H-C-O-O dihe-
dral angles. The C-C-O-O dihedral angle at the MXS is
134.8° and intermediate to the values for IM1 and IM1-s.
From the vertical excitation energies for the four stationary
points TS2, TSa, IM1, and IM1-s, one would expect that the
crossing seam for the lowest triplet and singlet states to
strongly depend on the C-O bond length and C-C-O-O
dihedral angle. This seam, which has 3N-7 dimensions, ex-
tends into the region of the PES with a long C---O distance
and before the TSs are reached for 1O2 and 3O2 in addition to
C2H4. This indicates a possible transition between the triplet
and singlet states even before passing the transition states for
oxygen addition. The triplet and singlet PESs near the MXS
are shown in Fig. 8a. This figure shows that the crossing
occurs at a smaller C-C-O-O dihedral angle when the C-O
distance becomes larger. This potential energy scan was ex-
panded to longer C-O distances and smaller C-C-O-O di-
hedral angles, and is given in Fig. 9. Figure 9 shows a similar
TABLE IX. Relationship between reaction energies and active spaces for
the singlet PES energies are in kcal/mol.
Reaction path Active space CASSCF MRMP2a
O2 addition TSa 12,12 28.8 6.1
IM1-s 12,12 17.9 0.3
Ring closure TSb 8,8 1.3 6.9
12,12 7.2 8.0
DO 8,8 53.6 37.9
12,12 45.8 36.5
H migration TSc 10,10 13.7 15.0
14,14 25.4 21.6
IM2-s 10,10 62.6 51.7
14,14 57.0 46.4
aSingle point energies calculated at the CASSCF optimized geometries.
FIG. 5. Stationary points identified on the singlet PES with UB3LYP/aug-cc-pVDZ theory.
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trend as Fig. 8a, i.e., the crossing seam moves to a smaller
C-C-O-O dihedral angle when the C-O bond length be-
comes larger. The range of the PES scan in Fig. 9 is between
the TSs and biradical minima for both the triplet and singlet
states.
Compared to the energy difference between the lowest
triplet and singlet surfaces for the biradical, the energy dif-
ferences between these surfaces and their first excited states
are quite large at the biradical region of the PESs. The
ground state of the triplet biradical in Cs symmetry, i.e., IM1,
is the A state. Based on state averaged CASSCF calcula-
tions with the lowest two states, SA-2-CASSCF12,12/aug-
cc-pVDZ, its closest excited state is the A state and is 21.0
kcal/mol higher in energy. Also, the closest singlet excited
state of the singlet biradical, i.e., IM1-s, is 45.0 kcal/mol
higher in energy. These first excited states of the triplet and
singlet biradicals are associated with two degenerate states of
the O2 molecule. These initially degenerate states start to
separate as O2 approaches C2H4. Although these excited
states were not characterized for the oxygen addition reaction
paths, one might expect given their high energies that they
are relatively unimportant for the reaction dynamics on the
triplet and singlet PESs.
B. Spin-orbit coupling between the triplet and singlet
surfaces
To estimate the probability of possible transitions be-
tween the lowest lying triplet and singlet states, spin-orbit
coupling SOC calculations were performed. The initial or-
bitals were prepared using a SA-2-CASSCF12,12/aug-cc-
pVDZ calculation, with the lowest singlet and triplet states.
Since the higher excited states for both the triplet and singlet
are quite far away in energy, only the lowest triplet and sin-
glet states were included for the state averaged CASSCF
calculation. Equal weights were given to both of the states.
The standard Breit–Pauli method was used as implemented
in GAMESS,23,30 to compute the magnitude of the SOC near
the biradical minima and MXS. The calculated SOC values
at the critical points are 0.2, 7.8, and 5.9 cm−1 for IM1,
IM1-s, and MXS, respectively. SOC values for the region
PES near the MXS were also computed and shown in Fig.
8b. These small SOC values indicate that there is a weak
coupling between the two surfaces in this region of the PES.
Although there is a very small probability for the transition
at the biradical minima, the actual reaction dynamics may
result in a much higher transition probability. As 1O2 and
C2H4 collide, with O2 rotation, there may be multiple en-
counters of the crossing seam. Possibly more important, if
trapped in its potential energy minimum the triplet biradical
may have an appreciable lifetime providing multiple oppor-
tunities for a transition from the triplet to the singlet surface.
The rotation of the dihedral angle is expected to be very
important for these multiple encounters of the crossing seam.
FIG. 6. Reaction pathways identified on the singlet PES with UB3LYP/aug-cc-pVDZ theory. Relative energies are given in kcal/mol.
FIG. 7. The structure of the minimum crossing point between the lowest
lying triplet and singlet surfaces.
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VI. SUMMARY
In the work presented here, electronic structure theory is
used to study the ground state triplet and singlet PESs for the
O2+C2H4 reaction, and the coupling between these surfaces.
Structures, vibrational frequencies, energies, and IRCs con-
necting stationary points are calculated at the CASSCF and
UB3LYP levels of theory with the aug-cc-pVDZ basis.
Single point energies are calculated at the CASSCF opti-
mized geometries using MRMP2/aug-cc-pVDZ theory. An
important and critical feature of the CASSCF calculations is
the need to use different active spaces for different reaction
paths on both the triplet and singlet surfaces.
There are two reaction paths for 3O2+C2H4 collisions;
i.e., one is abstraction to form C2H3+HO2 and the other is
addition to form the IM1 biradical intermediate C2H4O2. The
MRMP2 barriers for these reactions are expected to be the
most accurate and their respective values are 62.1 and
33.8 kcal/mol. A very important aspect of these calculations,
which must be treated correctly, is the complexity of the
CASSCF active spaces representation for the addition reac-
tion.
As identified in previous work by Hua et al.,1 there are
multiple unimolecular pathways for the IM1 intermediate.
The dissociation to O+C2H4O via TS3 has the lowest
barrier, whose MRMP2 value is 21.0 kcal/mol. Overall
the previous QCISDT /6-311++G3df,2p MP2full /
6-311Gd,p calculations give potential energy barriers
similar to the current MRMP2/aug-cc-pVDZ values. The
largest difference is for the IM1→C2H4O+O pathway, for
which the QCISDT and MRMP2 barriers are 32.9 and
21.0 kcal/mol, respectively.
On the singlet surface 1O2 adds to C2H4 to form the
C2H4O2 biradical intermediate IM1-s, whose structure is
similar to that of IM1 on the triplet PES. The MRMP2 bar-
rier for this addition reaction on the singlet PES is 6.1 kcal/
mol. IM1-s decomposes to both dioxetane and ethene-
peroxide H2C--CHOOH via reaction paths with single TSs
with respective MRMP2 barriers of 7.8 and 21.3 kcal/mol.
Perepoxide is not an intermediate for either of these reactions
and is instead formed from IM1-s via a different TS. It then
isomerizes to dioxetane through a high energy barrier.
Ethene-peroxide is an intermediate and a gateway to
multiple isomerization and dissociation channels on the sin-
glet PES. These channels were studied at the UB3LYP/aug-
cc-pVDZ level of theory and the results are shown in Fig. 6.
The lowest energy dissociation products identified are
IM2-s→ IM3-s. It is quite possible that these channels are
accessed by 3O2+C2H4 collisions via triplet→singlet inter-
system crossing transitions.
Crossing between the singlet and triplet potential energy
surfaces was studied in the region of the C2H4O2 biradical
intermediates IM1 and IM1-s on the triplet and singlet PESs.
The minimum energy value of a crossing seam MXS was
found for a structure intermediate of those for the O2
+C2H4 addition transition states and the biradical intermedi-
FIG. 8. a Triplet and singlet PESs near the MXS using CASSCF12,12/aug-cc-pVDZ method. b Spin-orbit couplings between the lowest lying singlet and
triplet near MXS. Starting from the geometry of MXS, PESs and spin-orbit couplings were scanned along the two coordinates, C-O bond distance and
C-C-O-O dihedral angle. Relative energy values are respect to the energy of MXS. “X” mark on the figure indicates the location of MXS.
FIG. 9. Triplet and singlet PESs after passing transition states for oxygen
addition reaction, computed using CASSCF12,12/aug-cc-pVDZ method.
PESs were scanned along the two coordinates, C-O bond distance and
C-C-O-O dihedral angle. Relative energy values are with respect to the
energy of MXS.
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ates. The crossing seam extends into the O2+C2H4 initial
interaction region and nonadiabatic transitions are possible
as the reactants collide. The crossing and separation of the
triplet and singlet surfaces was studied as a function of the
C-C-O-O dihedral angle and the C-O distance. For struc-
tures corresponding to IM1, IM1-s, and MXS, the spin-orbit
coupling varies from 0.2 to 7.8 cm−1, principally as a result
of changes in the dihedral angle.
Finally, in future work, it will be of interest to use
chemical dynamics simulations to investigate nonadiabatic
electronic transitions between the O2+C2H4 triplet and sin-
glet PESs. In particular, it will be of interest to calculate both
the 3O2+C2H4→ 3C2H4O2 and 3O2+C2H4→ 1C2H4O2 asso-
ciation rate constants and, thus, the probability that 3O2
+C2H4 associating collisions lead to triplet→singlet inter-
system crossing. Formation of a long-lived 3C2H4O2 biradi-
cal intermediate and the presence of the triplet↔singlet
crossing seam in this region of the PES should facilitate this
electronic transition.
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